Background: Arterial stiffness is an independent predictor of cardiovascular outcomes in hypertensive patients including myocardial infarction, fatal stroke, cerebral micro-bleeds which predicts cerebral hemorrhage in hypertensive patients, as well as progression to hypertension in non-hypertensive subjects. The association between arterial stiffness and various cardiovascular outcomes (coronary heart disease, stroke) remains after adjusting for age, sex, blood pressure, body mass index and other known predictors of cardiovascular disease, suggesting that arterial stiffness, measured via carotid-femoral pulse wave velocity, has a better predictive value than each of these factors. Recent evidence shows that arterial stiffening precedes the onset of high blood pressure; however their molecular genetic relationship (s) and sex-specific determinants remain uncertain. We investigated whether distinct or shared genetic determinants might underlie susceptibility to arterial stiffening in male and female Dahl salt-sensitive rats. Thus, we performed a genome-wide scan for quantitative trait loci (QTLs) affecting arterial stiffness in six-week old F2 (Dahl S x R)-intercross male and female rats characterized for abdominal aortic pulse wave velocity and aortic strain by high-resolution ultrasonography. Results: We detected five highly significant QTLs affecting aortic stiffness: two interacting QTLs (AS-m1 on chromosome 4 and AS-m2 on chromosome16, LOD 8.8) in males and two distinct interacting QTLs (AS-f1 on chromosome 9 and AS-f2 on chromosome11, LOD 8.9) in females affecting pulse wave velocity. One QTL (AS-1 on chromosome 3, LOD 4.3) was found to influence aortic strain in a sex-independent manner. None of these arterial stiffness QTLs co-localized with previously reported blood pressure QTLs detected in equivalent genetic intercrosses.
Background
Several studies support a genetic component contributing to arterial stiffness. Heritability for pulse wave velocity (PWV) in young adults in the Georgia Cardiovascular Twin Study was about 0.43 and 0.53 for aorto-radial and aortodorsalis-pedis PWV respectively [1] . In the Framingham Heart Study cohort a heritability of 0.4 was reported [2] . Genetic linkage studies in the Framingham cohort reported several regions of linkage, albeit suggestive rather than significant, for carotid femoral PWV on chromosomes 2, 7, 13 and 15 (LOD scores > 2.0) [2] . Analysis of common polymorphisms in several candidate genes have been performed, however only CYP11B2 and NOS3 have been confirmed by genome-wide linkage studies [3] as being associated with arterial stiffness. While these observations demonstrate the heritability and the quantitative trait nature of arterial stiffness, they also illustrate the complexity of arterial stiffness, and hence the ensuing difficulties in the study of its genetic basis in the general population. These suggest the need for systematic animal model studies in dissecting causal paradigms for susceptibility.
To date, however, no genome wide studies of arterial stiffness in the context of polygenic hypertension have been done in animal models. Gaugier and collaborators identified a QTL controlling elastin content in rat aorta [4] ; however, their study was done in non-hypertensive rat strains: Brown Norway rat strain and the LOU rat strain. More specifically, the Brown Norway rat strain shows an aortic elastin deficit by 5.8 % by dry-weight compared with the inbred LOU rat, and is also highly susceptible to spontaneous rupture of the internal elastic lamina in its abdominal aorta -however Brown Norway rats are not hypertensive. Additionally, analysis of the aortic elastic network and related phenotypes in seven inbred rat strains was reported; however, these were all done in non-hypertensive rat strains [5] .
Given that arterial stiffness precedes hypertension in a Dahl salt-sensitive hypertensive stroke-prone rat model [6] as it does in humans; this experimental model system allows the systematic dissection as to whether common or distinct genetic determinants underlie hypertension and arterial stiffness. Having performed QTL analyses for blood pressure in male and female F2 ([Dahl S] Dahl salt-sensitive x [Dahl R] Dahl salt-resistant)-intercrosses [7, 8] we performed a total genome scan for QTLs affecting aortic Pulse Wave Velocity (PWV) and aortic Strain as quantitative measures of arterial stiffness using an F2 (Dahl S x R)-intercross male and female rat populations phenotyped for aortic PWV and aortic Strain at six weeks of age prior to the onset of hypertension. Results were then compared to blood pressure QTLs detected in previous genome scans performed in male [7] and female F2 [Dahl S x R]-intercross rats [7, 8] . Data demonstrate that distinct QTLs underlie male and female arterial stiffness in Dahl rats. Moreover, none of the arterial stiffness QTLs co-localized with blood pressure QTLs detected in genetically equivalent F2 [Dahl S x R]-intercrosses indicating distinct genetic mechanisms underlying arterial stiffness and hypertension in Dahl rats.
Results and discussion

Study cohorts
To investigate the genetic determinants that contribute to arterial stiffness we performed a genome scan for QTLs affecting aortic (between superior mesenteric artery and left renal artery) PWV and strain in an F2 (Dahl S x R)-intercross male and female rat populations phenotyped for aortic PWV and aortic strain by high-resolution ultrasonography. We implemented the following experimental design: F2 hybrids were produced from dams on Purina 5001 (0.4 % NaCl) during gestation and lactating and maintained on Purina 5001 at weaning. Ultrasound measurements of abdominal aortic PWV and strain were done at 6 weeks of age following identical procedures. Rather than carotid-femoral PWV measurements, we measured aortic PWV between two points: below the superior mesenteric artery and above the left renal artery. This allows reproducible measurements of aortic PWV, between two points of the same artery guided by clear anatomic landmarks. We measured aortic PWV and aortic Strain in 142 male and 140 female subjects. The cohort was genotyped with 110 informative markers for our (Dahl S x R) intercross with an average density of 21.7 Mbp distance between two markers.
In order to determine the earliest developmental age for arterial stiffness measurements and potentially eliminate blood pressure as a confounder in our ultrasound measurements we first analyzed the time course of development of arterial stiffness in parental Dahl S and Dahl R rats. As shown in Fig. 1 aortic PWV was significantly elevated in Dahl S male (Fig. 1a , P < 0.001) and Dahl S female (Fig. 1b , P < 0.00001) subjects when compared with corresponding Dahl R subjects at 6 weeks of age. The fact that the phenotypic differences in arterial stiffness measures are detected at 6 weeks of age in animals maintained on a 0.4 % NaCl regular rat chow diet, prior to the onset of high blood pressure, eliminates hypertension as a potential confounder in our genetic linkage study. The mean aortic PWV values in both male and female F2 populations fall between the parental mean values (Table 1 ) suggesting a co-dominant effect for both Dahl S and Dahl R alleles on the trait. In contrast, the mean aortic strain values for the F2 male and female cohorts approached the value obtained for the Dahl R rats (Table 1 ) indicating a dominance effect of the alleles for the trait (recessive for Dahl S and dominant for Dahl R respectively). This differential trend also indicates that aortic PWV is a distinct trait from aortic strain.
Total genome scan analysis
We next performed a total genome scan for QTLs affecting aortic PWV using 6 weeks-old F2 (Dahl S x R)-intercross male and female rats. Marker regression analysis did not detect any significant PWV QTL in both male and female cohorts, only suggestive QTLs: two in males and three in females (Table 2) . However, subsequent analysis for interactive effects on aortic PWV reveals several interacting-loci affecting PWV that fulfilled the criteria for significant gene interaction ( Fig. 2 and Table 3 ): AS-m1 (on chromosome 4) and AS-m2 (on chromosome 16) in the male cohort (LOD 8.8, Table 3 ) and AS-f1 (on chromosome 9) and AS-f2 (on chromosome 11) in the female population (LOD 8.9, Table 3 ). Similarly, sex-specific genetic linkage analysis for strain did not identify significant QTLs. However, QTL analysis on the combined male and female populations detected a highly significant QTL (AS-1 on chromosome 3, LOD 4.3, Table 3 ) affecting aortic strain indicating that it influences aortic strain in a sex-independent manner.
Comparison of arterial stiffness and blood pressure QTLs
We identified five QTLs influencing arterial stiffness in our F2 (Dahl S x R) intercross genetic analysis, four affecting aortic PWV (on chromosomes 4, 16, 9 and 11) and one influencing aortic strain (on chromosome 3). Remarkably, none of the arterial stiffness QTLs co-localizes with previously reported blood pressure (BP) QTLs found in the same F2 (Dahl S x R) genetic intercrosses (Table 4) . These data suggest the existence of distinct genetic determinants for salt-sensitive hypertension and arterial stiffness, which is consistent with the temporal dissociation of onset of arterial stiffness and hypertension observed in Dahl salt-sensitive rats [6] .
Although further QTL-gene mapping needs to be done, inspection of the rat chromosomal regions spanning the arterial stiffness QTLs reveals potential candidate genes based on vascular biology paradigms (Table 5 ). For QTL AS-1 on chromosome (Chr) 3 [40-60 Mbp], the Activin A receptor, Type 1 (ACVR1) at position 44.6 Mbp could underlie the AS-1 effect on aortic strain in our (Dahl S x R) intercross. ACVR1 is a receptor for TGF-β1, a multifunctional cytokine that influences the vascular wall via actions on endothelial cells and modulation of the extracellular matrix [9] [10] [11] [12] [13] [14] . TGF-β1 is a pro-fibrosis cytokine [11] and has been associated with fibrosclerotic development in 
Statistical testing
Dahl S vs Dahl R, M P < 0.001
Dahl S vs F2, M P = 0.004 P = 0.008
Dahl R vs F2, M P = 0.013 P = n.s.
Dahl S vs Dahl R, F P = 0.001 P < 0.001
Dahl S vs F2, F P = 0.040
Dahl R vs F2, F P = 0.009 P = n.s.
Data is presented for populations and traits informative for QTL detection (male, female F2 populations phenotyped for PWV and STR). Values are Mean ± standard deviation; PWV pulse wave velocity, STR aortic proximal strain, M male, F female; Animals were maintained on Purina (0.4 % NaCl) rat diet from inception; P, Two Way ANOVA followed by Holm-Sidak test for multiple comparisons varicose vessel walls [15] . Within the AS-f1 region on Chr. 9 (15-35 Mbp), the Vascular endothelial growth factor A (VEGF-A) gene resides at position 17.4 Mbp. VEGF-A is a valid candidate gene contributing to increased PWV since VEGF-A is increased in pulmonary microvascular endothelial cells subjected to increased flow pulsatility, a parameter associated with increased arterial stiffness in vivo [16] . Scanning of the AS-f2 QTL in the Chr. 11 (13- [17] [18] [19] and has been shown to be responsive to wall shear stress [18, 19] . AS-f1 and AS-f2 are female-specific interacting QTLs affecting aortic pulse wave velocity. The finding that ADAMTS1 inhibits endothelial cell proliferation by direct binding and sequestration of VEGF-A [20] is consistent with our hypothesis that ADAMTS1 and VEGF-A might underlie the interacting effect of AS-f1 and AS-f2 on aortic PWV. Although additional fine mapping studies are necessary to substantiate candidate genes within detected QTL regions influencing arterial stiffness, these candidate gene localizations in QTLs with significant linkage integrate genetic factors with concordant pathophysiological paradigms of arterial stiffness.
Previous human genetic association studies have reported several candidate genes for loci associated with arterial stiffness (Table 6 ). However, only one out of ten loci was detected at a significant level with nine of them being suggestive for the association implying a degree of uncertainty in the association for these loci. Moreover, none of these candidate genes localize to syntenic regions harboring the detected rat arterial stiffness QTLs.
Conclusions
Altogether, our study demonstrates the involvement of distinct genetic determinants for aortic PWV and aortic strain in Dahl rats. In addition, based upon reported BP QTLs in equivalent intercrosses [7, 8] and our present findings, the data suggest the existence of distinct loci affecting BP and arterial stiffness in Dahl salt-sensitive hypertensive rats. Moreover, as found with increasing number of traits [7, [21] [22] [23] [24] [25] , arterial stiffness portrays sex-specificity implying the existence of differential genetic mechanisms underlying vessel stiffening in male and female Dahl salt-sensitive rats. The subsequent identification of genes underlying the aortic pulse wave velocity and strain QTLs will define the genetic basis of aortic stiffness in the Dahl salt-sensitive hypertensive rat model. This will provide a critical first step towards the elucidation of novel aortic-stiffness genetic mechanisms, and provides the basis for further study of aortic stiffness genes as putative genetic biomarkers of adult-onset hypertension and its target-organ complications.
Methods
This study was performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of Boston University School of Medicine (Permit Number: AN-14966). All measurements were performed under isoflurane anesthesia, and every effort was made to minimize suffering. Euthanasia was done by exsanguination and removal of vital tissue under anesthesia. Secondary euthanasia procedure of pneumothorax was also done under anesthesia (isoflurane QTL quantitative trait locus, Chr chromosome, PWV aorta Pulse Wave Velocity in aorta, STR aorta strain in aorta, M F2 male cohort, F F2 female cohort, LOD logarithm of the odds score derived from the likelihood ratio statistic using a factor of 4.6. For marker regression analysis significance was determined from 2000 permutations on data set: LOD 4.3 highly significant. Only interactive loci that exhibited a LOD > 8.0 (P < 10
) for the total effect and a LOD > 4.0 (P < 0.01) for the interactive effect are presented. Main A and Main B refer to the specific LOD for A and B main (single locus) effects respectively. LOD T, LOD for total effect; LOD I, LOD for the interaction. SNP locations on rat genome as per NCBI Rat Genome Assembly Annotation Release 105 
Genetic crosses
Inbred Dahl S/jrHsd and Dahl R/jrHsd rats were obtained from Harlan (Indianapolis, Indiana). Parental strains (Dahl R/jrHsd x Dahl S/jrHsd) were crossed to produce F1 progeny. The F2 subjects were derived from brother-to-sister mating of F1 hybrids to produce the F2 female (n = 140) and F2 male (n = 142) segregating populations. Animals were maintained on Purina 5001 (0.4 % NaCl) rat diet from inception.
Arterial stiffness measurements
We performed high-resolution ultrasonography measurement of pulse wave velocity (PWV) in rat abdominal aorta (average distance = 1.0 cm) essentially as described [6] . PWV was defined as Δd/Δt, distance (d) between two points divided by the difference in transit time (t) of the pressure wave arrival at said two points. The transit time was defined as the time from the peak of the ECG R-wave to the foot of the velocity upstroke [26] , with the foot defined as the point at the end of diastole when the steep rise of the wave front begins [27] . Measurement of strain
where D = diameter of artery, was also done in abdominal aorta as another measure of arterial stiffness and distensibility. Each measurement of PWV and strain represents the average of five independent determinations per subject. We characterized 12 Dahl R, 10 Dahl S, 142 F2 males and 140 F2 females at six weeks of age. We also measured PWV in 10 Dahl R and 9 Dahl S rats at three weeks of age. Animals were not phenotyped for blood pressure. The ultrasound micro-imaging and Doppler ultrasound studies were done with 0.8 % isoflurane anesthesia -hence expected to not induce non-physiological artifacts since it is less than the 1 % isoflurane anesthesia level defined as "baseline level" for coronary blood flow with heart rates similar to sleeping mice [28] and documented to not alter aortic impedance [29] .
Intercross linkage analysis
Phenotype distributions were analyzed for normality; data transformations were done when necessary and datasets that passed Kolmogorov-Smirnov normality testing (SigmaPlot 11.2) were used for linkage analysis. Specifically, the current QTL analysis was performed We also performed interaction analysis using the Map Manager QTXb19 program applying a two-stage test paradigm for determination of interaction in which the pair of loci must pass two tests in order to be reported as having a significant interaction effect. First, the significance of the total effect of the two loci must be < 0.00001 and second, the pairs of loci must exhibit a P value < 0.01 for the interaction effect.
Genotyping
DNA purification from spleen tissue samples was done by using the DNeasy Blood & Tissue Kit (QIAGEN) following manufacturer's instructions. SNP genotyping was carried out on an Applied Biosystems 7900 Real-Time PCR System. SNPs (n = 98) and SSLP markers (n = 12) were identified as informative markers between our parental strains by using SNPlotyper from the Rat Genome Database. SNP assays (TaqMan assays) were procured from Applied Biosystems and were validated in our laboratory.
Statistical analyses
We performed one-way ANOVA followed by all pairwise multiple comparisons using the Holm-Sidak Test for PWV and Strain measurements as indicated per experimental comparison. 
